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Nonsense-mediated mRNA decay (NMD) degrades
different classes of mRNAs, including transcripts
with premature termination codons (PTCs). The
NMD factor SMG6 initiates degradation of substrate
mRNAs by endonucleolytic cleavage. Here, we aim
to delineate the cascade of NMD-activating events
that culminate in endocleavage. We report that
long 30 UTRs elicit SMG6-mediated endonucleolytic
degradation. The presence of an exon-junction com-
plex (EJC) within the 30 UTR strongly stimulates en-
docleavage in a distance-independent manner. The
interaction of SMG6 with EJCs is not required for
endocleavage. Whereas the core NMD component
UPF2 supports endonucleolytic decay of long 30
UTR mRNAs, it is mostly dispensable during EJC-
stimulated endocleavage. Using high-throughput
sequencing, we map endocleavage positions of
different PTC-containing reporter mRNAs and an
endogenous NMD substrate to regions directly
at and downstream of the termination codon. These
results reveal how messenger ribonucleoprotein
(mRNP) parameters differentially influence SMG6-
executed endonucleolysis and uncover central
characteristics of this phenomenon associated with
translation termination.INTRODUCTION
Nonsense-mediated mRNA decay (NMD) is a cellular quality
control mechanism that degrades transcripts containing prema-
ture termination codons (PTCs) (Chang et al., 2007; Nicholson
et al., 2010). NMD exists in all eukaryotic organisms and sup-
presses the synthesis of C-terminally truncated proteins, which
might have inadvertent activities or dominant-negative effects
(Holbrook et al., 2004). Whereas a small number of mRNAs car-
rying disease-causing nonsense mutations have been originally
identified to be degraded by NMD (Culbertson, 1999), many
so-called endogenous NMD targets are also recognized andCdegraded by the NMD machinery (Tani et al., 2012). Hence,
NMD functions as a general modulator of gene expression and
alters the expression levels of 5% of the transcriptome in eu-
karyotes (Kervestin and Jacobson, 2012).
In mammalian cells, efficient NMD requires a distance of >50
nt between the termination codon and a downstream exon-
exon junction that is marked by an exon-junction complex
(EJC) (Neu-Yilik et al., 2001; Thermann et al., 1998). In addition
to the canonical EJC-dependent NMD, an alternative EJC-inde-
pendent NMD targets mRNAs with an aberrant architecture
downstream of the termination codon, such as unusually long
30 UTRs (Bu¨hler et al., 2006; Eberle et al., 2008; Singh et al.,
2008). EJC-independent NMD is activated when the ribosome
fails to terminate properly, for example, when the interaction of
the cytoplasmic poly(A)-binding protein (PABPC1) with the eu-
karyotic release factors (eRFs) is impaired (Eberle et al., 2008;
Fatscher et al., 2014; Singh et al., 2008). As a consequence of
any aberrant termination event, the conserved proteins UPF1,
UPF2, and UPF3 (UPF3a and UPF3b in humans) assemble into
a surveillance complex onto the mRNA and initiate its degrada-
tion. According to current models of NMD, UPF1 interacts with
the release factors and with the kinase SMG1 upon translation
termination, forming the so-called SURF complex (Kashima
et al., 2006). In the presence of a downstream EJC, UPF1 is
phosphorylated by SMG1 within its extended N- and C-terminal
regions (Kashima et al., 2006), which function as docking sites
for SMG6 and the SMG5-SMG7 heterodimer (Okada-Katsuhata
et al., 2012). SMG5, SMG6, and SMG7 are homologous proteins
that interact with phosphorylated UPF1 via their 14-3-3-like
domains (Fukuhara et al., 2005; Okada-Katsuhata et al., 2012).
An additional phosphorylation-independent interaction between
SMG6 and UPF1 has been recently identified (Chakrabarti
et al., 2014; Nicholson et al., 2014). SMG6 also contains
two N-terminal exon-junction-complex-binding motifs (EBMs),
which mediate its direct interaction with EJCs (Kashima et al.,
2010).
The degradation of NMD targets is accomplished via redun-
dant pathways that include endonucleolytic cleavage and
exonucleolytic degradation (Mu¨hlemann and Lykke-Andersen,
2010). The exonucleolytic decay is primarily coordinated by the
SMG5-SMG7 heterodimer (Loh et al., 2013), whereas the endo-
nucleolytic cleavage of NMD targets is mediated by the C-termi-
nal PilT N terminus (PIN) domain of SMG6 (Eberle et al., 2009;ell Reports 9, 555–568, October 23, 2014 ª2014 The Authors 555
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Glavan et al., 2006). Endocleavage occurs in the vicinity of the
termination codon, and the 50 and 30 mRNA fragments are exo-
nucleolytically degraded by the RNA exosome and XRN1,
respectively (Eberle et al., 2009; Gatfield and Izaurralde, 2004;
Huntzinger et al., 2008).
In view of the many different degradation pathways that are
used by the NMD machinery, the rules by which individual
NMD targets are selected for a particular degradation pathway
remain elusive. Particularly, the incidence of endocleavage by
SMG6 has not been systematically studied and the role of
trans-acting factors is not well defined. Hence, central decisions
during the degradation of NMD substrates are not yet fully
understood.
In this work, we have analyzed the 30 fragments (i.e., decay in-
termediates) of different NMDsubstrates in cultured human cells.
We find that EJCs stimulate the generation of 30 fragments but
do not influence the site of endocleavage. Tethering of individual
EJC components and NMD factors recapitulates the stimulation
of endocleavage by EJCs and enables the analysis of isolated
proteins and their domains. Furthermore, we show that all clas-
ses of NMD substrates, including mRNAs with long 30 UTRs,
are degraded via SMG6-dependent endocleavage, suggesting
that a common mechanism of SMG6 recruitment underlies
EJC-dependent and independent NMD. Using biochemical and
high-throughput methods, we analyzed 30 fragments with nucle-
otide resolution to show that endocleavage is determined by the
position of the termination codon in different NMD substrates.
RESULTS
Endocleavage Is Determined by the Position of the
Termination Codon in Multiexon mRNAs
The degradation of NMD substrates in human cells involves
SMG6-mediated endonucleolytic cleavage, which generates
two mRNA fragments (Figure 1A). Knockdown of the exoribo-
nuclease XRN1 stabilizes 30 fragments and thereby enables
their detection. In this work, we analyze 30 fragments in XRN1-
depletedHeLa cells as an explicit readout for the endonucleolytic
activity of NMD.
Previously, the sites of endocleavage during human NMD
were mapped to positions in close vicinity of PTCs within shortFigure 1. Endocleavage of NMD Targets near the PTC Occurs Indepen
(A) Schematic overview of SMG6 endocleavage of substrate mRNAs and degrad
(B) Schematic representation of the transfected triosephosphate isomerase (TP
(PTC) are indicated below; the position of exon junction complexes (EJCs) and th
themRNA. Exons are depicted aswhite boxes, introns as two connecting black lin
intron and SV40 poly(A) signal (pA) are indicated. The four repetitions of HBS (4H
(C) Northern blot of RNA samples extracted from HeLa cells transfected with the
control mRNA.
(D) Schematic representation of the transfected T cell receptor b (TCR) reporter
(E) Northern blot analysis as in (C). TCR alt mRNA is an alternative splice variant
(F) Schematic representation of the transfected TPI reporter mRNAs lacking intro
(G) Northern blot analysis as in (C).
(H) Schematic representation of the transfected TCR reporter mRNAs lacking int
(I) Northern blot analysis as in (C).
(J) Schematic representation of the transfected TPI reporter mRNAs as in (B).
(K) Northern blot analysis as in (C).
See also Figure S1.
Creporter mRNAs (Eberle et al., 2009). In order to analyze endo-
cleavage of complex reporter mRNAs, we first established the
detection of 30 fragments with the well-studied NMD substrate
b-globin PTC39 mRNA (Figure S1A; Thermann et al., 1998). After
small interfering RNA (siRNA)-mediated depletion of XRN1 (Fig-
ure S1B), a specific band for the 30 fragment was detectable by
northern blotting with a probe that hybridizes to the 30 end of the
b-globin mRNA (Figure S1C). Next, we set out to systematically
investigate the 30 fragments of the seven exon triosephosphate
isomerase (TPI) reporter mRNA with PTCs located in different
exons and at varying distances to the next EJC. Considering
the specific and sensitive detection of the b-globin 30 fragment,
we included multiple copies of a short b-globin 30 UTR sequence
(HBS) in the 30 UTR of the TPI expression construct to facilitate
the analysis of TPI 30 fragments. This modification enabled the
detection of the TPI mRNA with a heterologous 30 probe and
enhanced the sensitivity of the northern blot (Figures S1D and
S1E). Because stronger 30 fragment signals were observed
with TPI-PTC reporters containing a quadruple HBS cassette
(TPI-4H), this cassette was used in all subsequent TPI reporters
(Figure S1F).
We studied the expression and 30 fragment generation of TPI
mRNAs with PTCs at positions 48, 100, 120, 160, or 189, which
are located in exon 2, 3, 4, 5, and 6, respectively (Figure 1B).
Upon XRN1 depletion, we observed abundant 30 fragments
generated from all PTC-containing mRNAs but for the wild-
type (WT) mRNA (Figure 1C). Notably, the length of the 30 frag-
ments inversely correlated with the length of the translated
open reading frame up to the PTC, suggesting that the site of
endonucleolytic cleavage is primarily determined by the position
of the PTC and occurs in close proximity thereof. To confirm
our results with an unrelated mRNA, we used the six exon
T cell receptor b (TCR) mRNA containing one HBS in the 30
UTR. Strikingly, we observed a pattern of 30 fragments for
PTCs at positions 49, 122, 180, or 240 located in exons 2 and
3 of the TCR mRNA, which was similar to the 30 fragments
obtained with the TPI mRNA (Figures 1D and 1E). Although we
detected slightly different amounts of 30 fragments for different
reporter mRNAs, our results demonstrate that NMD substrates
with a complex molecular architecture undergo efficient endo-
cleavage at the termination codon.dently of the Distance to or Position of the Downstream EJC
ation of 30 fragments in 50-30 direction by XRN1.
I) reporter mRNAs. The position of premature translation termination codons
eir distance in nt to the next upstream NMD-activating PTC is indicated above
es, and b-globin 30 UTR sequences (HBS) as gray boxes. Vector-derived 50 UTR
) serve as binding sites for the heterologous northern probe.
indicated siRNAs and reporter constructs. Cotransfected LacZ-H4 served as
mRNAs as in (B).
of the TCR, skipping part of the second exon.
ns 1–5 as in (B).
ron 2 as in (B).
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The PTCs in our reporter mRNAs are located 39–133 (TPI) or
31–385 (TCR) nt upstream of the next downstream EJC. Accord-
ing to the current model of NMD, the interaction of ribosome-
associated UPF1 with EJC-bound UPF2-UPF3b initiates the
degradation of the mRNA (Kashima et al., 2006). Because the
bridging between UPF1 and the EJC is believed to be critical
for the activation of NMD, we aimed to disturb this interaction
by increasing the distance between the PTC and the EJC. To
this end, we deleted all but the last intron of the TPI reporter
(TPI-Di(1-5)), which increases the distance between PTC and
EJC up to a maximum of 460 nt for the PTC48 construct (Fig-
ure 1F). Notably, despite the increased spacing of PTC and
EJC, the average position of endocleavage remained unaltered
when we compared the different TPI-Di(1-5) mRNAs to the cor-
responding TPI mRNAs with all introns (compare Figures 1C
and 1G). Hence, the position of endocleavage does not change
when the first EJC downstream of the PTC is moved farther
away. To verify this finding, we deleted the second intron of
the TCR construct (TCR-Di2) to create an even larger PTC-EJC
distance, which places PTC49 600 nt upstream of the next
EJC located on exon 3 (Figure 1H). Again, the average cleavage
position did not change and the 30 fragments of the TCR-Di2
mRNAs were comparable in size to those of the matching TCR
mRNA (Figure 1I). In summary, our analysis of two different
mRNAs with multiple exons indicates that the position of the
EJC does not affect the site of endocleavage, which occurs
exclusively proximal to the PTC.
EJCs Are Required for Efficient Endocleavage
Whereas most NMD substrates require at least one EJC down-
stream of the PTC for their efficient degradation, a small subset
of mRNAs has been shown to be degraded in an EJC-indepen-
dent manner with somewhat reduced efficiency (Bu¨hler et al.,
2006). In order to test if the presence of a downstream EJC is
dispensable for endocleavage, we removed all introns or all
but the first intron from the TPI (TPI-Di(1-6)) or the TCR (TCR-
Di(2-5)) constructs, respectively (Figures S1G and S1H). Owing
to the lack of introns, no EJCs are present downstream of the
PTCs in both mRNAs. Although we did not detect a distinct 30
fragment pattern for both reporters upon XRN1 depletion (Fig-
ures S1I and S1J), minor amounts of 30 fragments appear to be
generated at PTCs 100 and 160 of the TPI mRNA, indicating
that minimal levels of endocleavage can also occur in the
absence of downstream EJCs (Figure S1I). No 30 fragments
were visible for the PTC48 mRNA, which appears to undergo
very little or no endocleavage in the absence of splicing. The
expression levels of the PTC-containing mRNAs were compara-
ble to that of theWTmRNA, confirming that NMD is not efficiently
initiated when all downstream EJCs are removed (Figures S1I
and S1J; Neu-Yilik et al., 2001). Because the presence of a
downstream EJC appears to be required for efficient endocleav-
age, we decided to directly compare the endocleavage activity
between mRNAs with and without EJCs. To this end, we studied
the amount of 30 fragments generated from three different
PTC160-containing mRNAs (TPI, TPI-Di(1-5), and TPI-Di(1-6);
Figure 1J). Whereas both intron-containing reporters produce
strong 30 fragments of the same size, we did not detect clear 30
fragments for the intronless construct (Figure 1K). Notably, the558 Cell Reports 9, 555–568, October 23, 2014 ª2014 The Authorsexpression levels of the reporter mRNAs were increased when
at least one intron was present within the open reading frame.
We speculate that the lack of EJCs within a large region of the
open reading frame may be responsible for the decreased
expression levels, although all reporter mRNAs contain an intron
in their 50 UTR and are therefore expected to profit at least
partially from the expression-enhancing effects of splicing and
EJC deposition (Nott et al., 2004). Together, our data indicate
that EJCs support endocleavage at PTCs and directly connect
the efficiencies of endocleavage and NMD.
Long 30 UTRs Trigger Endocleavage at the Termination
Codon
Several mRNAswith long 30 UTRs are regulated byNMD, despite
lacking an EJC downstream of the termination codon (Singh
et al., 2008). AlthoughmRNAswith long 30 UTRs represent an es-
tablished class of NMD substrates, the role of SMG6-mediated
endocleavage in mammalian cells has not been addressed. To
this end, we either inserted the full-length (5-FL) 30 UTR of
SMG5, a shortened (5) version thereof, the 30 UTR of UPF3b
(3b), or the coding sequence of GFP (GFP) into the 30 UTR of
the TPI WT construct (Figure 2A). Whereas the mRNAs encoding
SMG5 and UPF3b are natural NMD targets due to their long 30
UTR, the heterologous GFP coding sequence is sufficiently
long to activate NMD as well (Singh et al., 2008). Strikingly, we
observed 30 fragments produced from all four reporter mRNAs
upon XRN1 depletion. The sizes of these 30 fragments corre-
sponded to the lengths of the respective 30 UTRs and hence
indicate that endocleavage occurs in the vicinity of the TPI
stop codon (Figure 2B). The levels of these 30 fragments were
strongly reduced when XRN1 and SMG6 were codepleted,
demonstrating that they originate from SMG6-dependent,
bona fide NMD (Figure 2B, lanes 9–12).
Whereas our results suggest that the 30 fragments of long 30
UTRs are generated at positions surrounding the TPI termination
codon, we cannot exclude that this region is particularly suscep-
tible to endocleavage independently of translation termination.
To this end, we generated intronless TPI constructs containing
different PTCs and the SMG5 or UPF3b 30 UTR, respectively
(Figure 2C). Thereby, we moved the stop codon to more up-
stream positions and simultaneously extended the 30 UTR, while
preventing the deposition of EJCs downstream of the PTC.
Hence, endocleavage within these mRNAs is activated by the
long 30 UTR and not stimulated by an EJC. In line with our earlier
observations, the length of 30 fragments corresponded to the
length of the 30 UTRs and longer 30 fragments were detected
for mRNAs with earlier PTCs (Figure 2D). In summary, our results
show that endocleavage at the termination codon occurs
independently of the mechanism of NMD activation and is
a common unifying feature of different classes of mammalian
NMD substrates.
SMG6 EBMs Are Dispensable for Endocleavage
Thus far, our results demonstrate that the presence of an EJC
strongly stimulates endocleavage even over a long distance.
This raises the question of how the surveillance complex, which
is assembled at the termination codon, recognizes the presence
of a downstream EJC. Notably, SMG6 itself contains two
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Figure 2. Long 30 UTRs Trigger SMG6-Mediated Endocleavage near
the Termination Codon
(A) Scheme of the long 30 UTR reporter mRNAs depicted as in Figure 1, with the
inserted sequences (SMG5 full length [5-FL] or shortened [5] and UPF3b [3b] 30
UTR or GFP coding sequence) shown as colored boxes. Length of the inserts
is indicated above the mRNA in brackets. EJC positions and poly(A) signal are
not shown.
(B) Northern blot analysis of RNA samples derived from HeLa cells as
described in Figure 1, with b-globin WT serving as control mRNA.
(C) Schematic representation of the transfected reporter mRNAs as in (A).
(D) Northern blot analysis as in (B).N-terminal EBMs, which are short peptide sequences that bind
directly to EJCs (Kashima et al., 2010). Because the EBMs of
SMG6 have been shown to be essential for mammalian NMD
(Kashima et al., 2010), we speculated that the EBMs may
either promote the formation of a stable degradation complex
including the EJC or stimulate the endonuclease activity of
SMG6 in an EJC-dependent manner. In order to delineate theCrole of the SMG6 EBMs during endocleavage, we established
a complementation assay for SMG6 in HeLa cells. After siRNA-
mediated depletion, the expression of SMG6 is rescued by the
transfection of a siRNA-insensitive SMG6 expression plasmid.
Consistent with previous reports, the knockdown of SMG6 in
XRN1-depleted cells greatly reduced the levels of 30 fragments
generated at all PTCs in the TPI mRNA (Figure 3A). These 30 frag-
ments are not generated from decapped and XRN1-degraded
mRNAs, because we did not detect substantial differences in re-
porter and 30 fragment levels when DCP2 and XRN1 were code-
pleted (Figures S2A–S2C). After SMG6 depletion, the generation
of 30 fragments of TPI-Di(1-5)-PTC160 could be fully restored by
the expression of SMG6 WT, whereas SMG6 with a mutant PIN
domain (PINMut), lacking the catalytically important triad of
aspartate residues in the active site (Eberle et al., 2009; Glavan
et al., 2006; Huntzinger et al., 2008), was inactive (Figures 3B–
3D). Surprisingly, full recovery of endocleavage was also
achieved with a SMG6 mutant that did not contain functional
EBMs (EBMMut; RRP45-47AAA and KKP139-141AEA; Figures
3C and 3D). This effect was independent of the position of the
PTC, because similar results were obtained with mRNAs con-
taining PTCs 100 and 189 (Figures S2D and S2E). We observed
comparable results in the SMG6 complementation assay with a
reporter mRNA that contained a long 30 UTR (TPI-5). SMG6 WT
and SMG6 EBMMut were able to support 30 fragment generation,
whereas the SMG6 PINMut was not (Figures S2F and S2G),
showing that the catalytic activity is responsible for the endo-
cleavage at long 30 UTR mRNAs. To verify that the mutations
in the EBM of SMG6 (EBMMut construct) abolish binding to the
EJC, we tested this mutant in binding assays in vitro as purified
FLAG-tagged N-terminal fragment of SMG6 (1–207). This
fragment contains both EBMs and has previously been shown
to be sufficient for binding to EJCs (Kashima et al., 2010).
We observed that the WT fragment immunoprecipitated preas-
sembled EJC proteins, whereas the SMG6 EBMMut and an
EBM1+2 deletion mutant failed to interact with the EJC (Fig-
ure 3E). To exclude that a residual EJC-binding activity of the
EBMMut SMG6 protein mediates its function in the complemen-
tation assays, we performed additional complementation assays
with EBM deletion mutants (DEBM1, DEBM2, and DEBM1+2;
Figure S2H). Remarkably, also EBM deletion mutants restored
reporter and 30 fragment levels to the full extent (Figures S2I
and S2J). Hence, the interaction of the SMG6 EBMs and down-
stream EJCs is not required for endocleavage of both EJC-
dependent and EJC-independent NMD substrates.
UPF2 Is Required for Endocleavage Triggered by
Long 30 UTRs
The dispensability of the SMG6 EBMs during endocleavage
prompted us to explore the role of the canonical bridging factor
UPF2 during the generation of 30 fragments. As described above,
UPF2 is thought to link the EJC-bound UPF3b to the ribosome-
bound UPF1. The depletion of UPF2 has been shown to upregu-
late certain NMD substrates, but an UPF2-independent NMD
pathway has also been described (Gehring et al., 2005). To study
the function of UPF2, we used a knockdown protocol that we es-
tablished previously to analyze the function of different UPF2 do-
mains (Clerici et al., 2014). Surprisingly, 30 fragments were stillell Reports 9, 555–568, October 23, 2014 ª2014 The Authors 559
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Figure 3. Functional SMG6 PIN Domain Is Required for Endocleavage of Both Types of NMD Substrates
(A) Total RNA of HeLa cells, transfected with the indicated siRNAs and reporter plasmids, was analyzed by northern blotting.
(B) SMG6 protein architecture is depicted schematically, highlighting the N-terminal EJC-binding motifs (EBMs), the central 14-3-3-like domain, and the
C-terminal PIN domain. Mutant constructs with the respective mutated residues and their positions are indicated.
(C and D) Complementation assay of SMG6-depleted cells using TPI-Di(1-5)-PTC160 as mRNA reporter. Knockdown and rescue with siRNA-resistant SMG6
constructs is shown by western blots, using tubulin as loading control (C, lower panels). Northern blotting was performed of RNA extracted from the same cells
used for western blot analysis (C, upper panel). Mean values of reporter and 30 fragment signal ± SD (n = 3) were quantified and normalized to the XRN1 + Luc
control knockdown (D). The ratio of 30 fragment to reporter mRNA levels is indicated above the bars.
(E) FLAG-immunoprecipitation of recombinant SMG6 fragments. FLAG-tagged glutathione S-transferase (GST)-SMG6 1-207WT ormutant proteins were used to
coprecipitate preassembled EJC complexes containing eIF4A3, Y14 (5-154), MAGOH, and BTZ (110-372) (denoted by +). FLAG-tagged BTZ (110-372) was used
as a control; untagged BTZ (110-372) was omitted from this reaction, denoted by (+).
See also Figure S2.generated at PTCs 100, 120, 160, and 189 in UPF2-depleted
cells (Figure 4A). In contrast, the 30 fragment resulting from endo-
cleavage at PTC48 was clearly reduced by the knockdown of
UPF2 (Figure 4B). Hence, our data indicate that some EJC-
dependent endocleavage events (PTC48) require normal levels
of UPF2, whereas others (PTCs 100–189) do not. However, the
molecular basis for the differential response to the depletion of
UPF2 was not further investigated.
In order to investigate the possibility that SMG6 and UPF2
represent redundant bridging factors, we performed SMG6
complementation assays in XRN1-UPF2-SMG6 triple-knock-
down cells (Figure S3A). 30 fragment levels were restored by
both SMG6 WT and EBMMut (Figures S3B and S3C), showing
that UPF2 and the EBMs of SMG6 do not overlap in function560 Cell Reports 9, 555–568, October 23, 2014 ª2014 The Authorsand are neither individually nor in combination required for
EJC-dependent endocleavage.
We next investigated whether the endocleavage of mRNAs
with long 30 UTRs was affected by UPF2 depletion. Although
EJC-dependent endocleavage at PTCs was not or only mildly
decreased in UPF2-depleted cells, 30 fragments of long 30
UTRs were reduced to undetectable levels after UPF2 knock-
down (Figure 4C). These data reveal a striking difference
between the endocleavage of PTC containing mRNAs, which
is mainly UPF2 independent, and the UPF2-dependent endo-
cleavage of mRNAs with long 30 UTR.
To validate the role of UPF2, we investigated the endocleav-
age at long 30 UTRs with a complementation assay for UPF2
(Clerici et al., 2014). UPF2 binds to UPF1 via the UPF1-binding
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Figure 4. UPF2 and the Interaction with UPF1 Are Required for Endocleavage of Long 30 UTR mRNAs
(A and B) Transfection with the indicated siRNAs and reporter plasmids was performed in HeLa cells, and total RNA was analyzed by northern blotting. mRNA
levels of XRN1 + UPF2 knockdown samples (A) were quantified (mean ± SD; n = 3) and normalized to the respective XRN1 knockdown lanes (B). The ratio of 30
fragment to reporter mRNA levels is indicated above the bars. LacZ-4H-expressing plasmid was cotransfected as control mRNA.
(C) HeLa cells were transfected with the indicated siRNAs and reporter plasmids, and total RNA was analyzed by northern blotting. b-globin WT-expressing
plasmid was cotransfected as control mRNA.
(D) Domain architecture of UPF2 and position of mutations in the MIF4G3- and UPF1-binding domain (U1BD) are shown schematically as in Figure 3B.
(E) Interaction between FLAG-tagged immunoprecipitated UPF2 proteins and endogenous UPF1 and UPF3b in RNase A-treated HeLa cell lysates was analyzed
by western blotting.
(F and G) Complementation assay of UPF2 knockdown in HeLa cells. The indicated siRNAs and plasmids were transfected, and TPI reporter mRNA as
well as UPF2 protein levels were analyzed by northern and western blotting, respectively. Tubulin serves as a loading control for western blotting. Quantification
(mean ± SD; n = 3) of the northern blots is shown in (G), and the ratio of 30 fragment to reporter mRNA levels is indicated above the bars.
See also Figure S3.
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Figure 5. EJC and NMD Factors Enhance NMD and Endocleavage of Long 30 UTRs
(A) SMG5 30 UTR-containing TPI-PTC160 reporters with (Di(1-5)) or without (Di(1-6)) the last TPI intron are depicted schematically as in Figure 2.
(B) Northern blot of RNA samples extracted from HeLa cells transfected with the two reporters described in (A) in control (Luc), XRN1, and XRN1+UPF2
knockdown conditions. LacZ-4H-expressing vector was cotransfected and served as transfection control.
(C) Scheme of the TPI-4MS2-5-tethering reporter. The four MS2-binding sites allow tethering of MS2 coat protein fusion proteins to the position upstream of the
long 30 UTR but downstream of the stop codon.
(D) HeLa cells were transfected with the indicated siRNAs and plasmids. The effects of tethering the indicated proteins to the TPI-4MS2-5 reporter mRNA were
analyzed by northern blotting (top panel). V5-tagged MS2 coat protein served as tethering control. Western blot shows the expression levels of the MS2V5-
tagged constructs (lower panel). Cotransfected GFP serves as transfection control.
(E) Mean values ± SD (n = 3) of the mRNA levels in (D) were quantified. The ratio of 30 fragment to reporter mRNA levels is indicated.
(F) Northern blot analysis as in (D).
(G) Quantification of the mRNA levels in (F) as in (E).
(H) Schematic illustration of UPF3b domains, showing the position of UPF2-binding region (blue) and EBM (green). Deletions and point mutations are depicted.
(legend continued on next page)
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domain (U1BD) in the C terminus, whereas the binding to UPF3b
is mediated by the third MIF4G domain (Figure 4D). We gener-
ated several point mutants in UPF2 to explore the function of
these interactions during endocleavage. The mutation of gluta-
mate at position 858 (E858R) has been previously reported to
abolish the UPF2-UPF3b interaction in vitro and in cultured cells
(Kadlec et al., 2004; Kashima et al., 2006). Notably, in our immu-
noprecipitation (IP) experiments, the E858R mutant was still
able to co-IP UPF3b, albeit with reduced efficiency (Figure 4E).
Therefore, we mutated more residues of UPF2 at the interface
involved in UPF3b binding (Kadlec et al., 2004) and identified
two variants of UPF2 (847-858Mut and 847-867Mut) for which
the co-IP of UPF3b was reduced to background levels (Fig-
ure 4E). Importantly, both UPF2 mutants retained full interaction
with UPF1 and we used UPF2 847-858Mut for further analysis.
We also confirmed that the previously characterized 1173Mut
construct (Clerici et al., 2009), in which the U1BD was mutated,
did not bind UPF1 but still interacted with UPF3b in co-IPs (Fig-
ure 4E). In the UPF2 complementation assay, we were able
to fully rescue NMD and endocleavage of the TPI-SMG5
mRNA with the UPF2 WT, whereas the 847-858Mut construct
only partially complemented the knockdown (Figures 4F and
4G). Strikingly, UPF2 1173Mut was not able to complement
the UPF2 depletion and no 30 fragments were detected. This
demonstrates that the UPF2-UPF1 interaction is absolutely
required, whereas the interaction of UPF2 with UPF3b partially
contributes to the endocleavage and degradation of mRNAs
with long 30 UTR.
EJCs Enhance Endocleavage of Long 30 UTR mRNAs
In comparison to EJC-activated NMD substrates, only a small
quantity of 30 fragments was generated from mRNAs with long
30 UTRs. To directly compare the efficiencies of endocleavage
upstream of EJCs or long 30 UTRs, we introduced a PTC at po-
sition 160 in the TPI reporter with a long 30 UTR, which contains
a single intron (Di1-5) or lacks all the introns (Di1-6; Figure 5A).
Both reporters contain a long 30 UTR, but the intron-containing
TPI mRNA (Di1-5) has an additional EJC downstream of the
PTC, i.e., in the beginning of the 30 UTR. In control conditions,
we observed elevated levels of the EJC-containing mRNA
(Di(1-5); Figure 5B) comparable to our previous results (Fig-
ure 1K), which are likely caused by the general expression-
enhancing function of EJCs. Notably, in XRN1 knockdown
conditions, very small amounts of endocleavage products
were detected for the intronless compared to the EJC-contain-
ing mRNA (Figure 5B, lanes 3 and 4), although the Di1-6
construct produces detectable amounts of 30 fragments when
examined in isolation (Figure 2D). This indicates that the pres-
ence of an EJC activates NMD and thereby endocleavage to a
larger extent than a long 30 UTR alone. Markedly, the knockdown
of UPF2 did not impede the endocleavage of the EJC-containing
NMD substrate with a long 30 UTR, which is in good agreement(I) FLAG-UPF3b WT or mutant proteins were immunoprecipitated from RNase-A-
immunoblotting.
(J) Northern blot analysis as in (D).
(K) Quantification of the mRNA levels in (J) as in (E).
See also Figure S4.
Cwith our finding that UPF2 is required only for a subset of
EJC-dependent endocleavage events (Figure 4A).
Tethering of NMD-Inducing Factors Promotes
Endocleavage
The function of EJCs during NMD has been previously studied
with tethering assays (Gehring et al., 2008). Owing to the strong
stimulation of endocleavage by EJCs, we aimed to recapitulate
this effect by tethering individual EJC components or NMD fac-
tors downstream of the termination codon. To this end, wemodi-
fied the TPI-SMG5 reporter by introducing four MS2-binding
sites between the termination codon and the SMG5 30 UTR (Fig-
ure 5C). Tethering of the EJC core components Y14 and BTZ
as MS2V5-tagged fusion proteins to the reporter resulted in a
reproducible reduction of the reporter levels, confirming the
functionality of our tethering system (Figures 5D and 5E). In
XRN1-depleted cells, we detected low levels of 30 fragments
that were generated upstream of the long 30 UTR. Strikingly,
the basal endocleavage efficiency at the termination codon
was strongly stimulated when Y14 or BTZ were tethered. This
supports our earlier finding that EJCs stimulate endocleavage
and demonstrates that this function of the EJC can be recapitu-
lated by tethering of individual EJC components.
We used the same reporter construct to investigate whether
endocleavage is also stimulated by tethered NMD factors,
such as UPF2 and UPF3b. Tethering UPF2 WT decreased the
levels of the reporter mRNA and strongly activated 30 fragment
generation, both comparable to the effects observed with EJC
components. In contrast, UPF2 1173Mut, which is deficient in
UPF1 binding, was inactive in the tethering assay (Figures 5F,
lane 8, and 5G), in agreement with the results of our UPF2
complementation assay (Figure 4F). Tethering of UPF2 847-
858Mut, which is unable to bind UPF3b, stabilized the reporter
and even further decreased the low constitutive endocleavage
to undetectable levels (Figures 5F and 5G). Hence, when this
mutant of UPF2 was directly bound to the mRNA, it exerted
a dominant-negative effect, which was not observed in the
complementation assay (Figure 4F).
We next aimed to understand the role of UPF3b in SMG6-
mediated endocleavage. Previous studies have shown that the
depletion of UPF3b only moderately impairs degradation of
different NMD substrates, potentially due to the functional sub-
stitution of UPF3b by UPF3a (Chan et al., 2009). In line with these
previous studies, we observed mainly unaltered reporter mRNA
levels upon a combined XRN1 and UPF3b knockdown using
different TPI reporter mRNAs (Figures S4A–S4C). Interestingly,
we detected increased endocleavage at several PTCs, which
we did not observe with the reporter mRNA containing a long
30 UTR. This unexpected finding prompted us to further charac-
terize the effect of UPF3b on endocleavage in a tethering assay.
To this end, we generated a variant of UPF3bwith a K52D/RR56-
57EE triple mutation (UPF3b 52/56Mut; Figure 5H) in the regiontreated HeLa cell lysates. Coprecipitated endogenous UPF2 was detected by
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required for UPF2 binding (Kadlec et al., 2004). This UPF3b 52/
56Mut did not co-IP UPF2, whereas an UPF3b deletion mutant
(D421-434), lacking the EBM and therefore deficient in EJC bind-
ing (Gehring et al., 2003), still interacted with UPF2 (Figure 5I). In
tethering experiments, UPF3b WT and also UPF3b 52/56Mut
strongly activated endocleavage of the reporter mRNA, confirm-
ing the previous observation that the interaction with UPF2 is not
required for UPF3b to activate degradation (Figures 5J and 5K;
Gehring et al., 2003). However, we observed an upregulation of
reporter mRNA levels and reduced endocleavage when the
mutant of UPF3b lacking the EBM (UPF3b D421-434) was teth-
ered. These results confirm that EJCs are critical for endocleav-
age and support the notion that the UPF3b-UPF2 interaction
does not bridge the surveillance complex to a downstream
EJC during NMD (Gehring et al., 2003).
30 Fragments Are Polyadenylated and 50 Phosphorylated
Previous studies demonstrated that the 30 fragments generated
by SMG6 are polyadenylated (Eberle et al., 2009; Gatfield and
Izaurralde, 2004). The similarity of the SMG6 PIN domain with
FLAP family proteins (Glavan et al., 2006) also suggests that
SMG6 leaves a 50 monophosphate at the 30 fragment during en-
docleavage. Hence, it is likely that the 30 fragments generated at
PTCs in an EJC-dependent manner and 30 fragments generated
upstream of long 30 UTRs have identical termini. To verify this
assumption, we first performed a poly(A)-enrichment step with
RNA samples obtained from XRN1-depleted cells transfected
with TPI-Di(1-5)-PTC160 or TPI-5. The 30 fragments of both sam-
ples were efficiently precipitated, whereas rRNA was retained
in the supernatant, showing that the 30 fragments contain an
accessible poly(A) tail (Figure 6A). To confirm the presence of
the 50 monophosphate, we performed an in vitro digest with re-
combinant yeast XRN-1 (rXRN-1), which only degrades 50 phos-
phorylated RNAs in a highly processive manner. As expected,
the treatment with rXRN-1 degraded the 30 fragments of different
reporter mRNAs, whereas the control and reporter mRNA itself
remained intact (Figures 6B and 6C).
Mapping the Sites of Endocleavage
The 50 monophosphate on the 30 fragments makes them
amenable to linker ligation at the 50 end, and the poly(A) tail en-
ables oligo(dT)-primed reverse transcription. On this basis, we
developed amethod to identify the cleavage sites of 30 fragments
by high-throughput sequencing (Figure 6D). Notably, the size of
amplified 30 fragments we obtained after the final PCR and prior
to high-throughput sequencing corresponded to the length of 30
fragments of different PTC-containing mRNAs (Figure 6E). We
used the same strategy to amplify 30 fragments of endogenous
SMG5 mRNA.
Sequencing results had increased resolution and sensitivity
compared to northern blotting and therefore allowed precise
mapping of endocleavage sites. We sequenced the 30 fragments
of TPImRNAswith different positions of PTCs in triplicates (Table
S1). The reproducibility of the single replicates is shown for TPI-
PTC189 (FigureS5A). For initial analysis,weassessed thedensity
of reads in 5 nt windows of TPI mRNAs, such that the density in
TPI mutants was normalized by subtraction of the TPI-WT, which
we considered as background (Figure S5B). The normalized den-564 Cell Reports 9, 555–568, October 23, 2014 ª2014 The Authorssity of sequencing reads was highest in the region up to 100 nt
downstream of the endocleavage positions in all TPI mutants
(Figure S5B). Moreover, a nucleotide-resolution analysis of the
PTC-proximal region (±100 nt around the PTC) showed that en-
docleavage events were rare upstream of the PTC but instead
mapped to positions immediately downstream of the PTC (Fig-
ure S5C). We observed a mild preference for Gs in the area sur-
rounding the cleavage sites (Figure S5D). Upon pooling the
normalized reads from all PTC samples, we noticed two major
cleavage sites around 0 and 24 nt downstream of the PTC (Fig-
ure 6F). Notably, high-throughput sequencing of 30 fragments
that were generated from the endogenous SMG5mRNA showed
asimilar patternwith twoverydistinct peakswithmaximaat 3and
38 nt downstream of the stop codon (Figures 6G and S5E). In
summary, single-nucleotide resolution analysis demonstrates
that endocleavage occurs at two sites, one overlapping with
the stop codon and another in the region of 20–40 nt downstream
of the PTC, both in the TPI reporter and the endogenous SMG5
mRNAs.
DISCUSSION
Several mRNA-degradation pathways are involved in the
removal of NMD substrates (Loh et al., 2013). These include
nonsense-specific decay mechanisms, such as SMG6-medi-
ated endocleavage, but also the recruitment of the general
mRNA decay machinery. Despite several years of intensive
work, the determinants and factors that govern the activation
of individual decay routes are not well understood. In this
work, we present a systematic analysis of SMG6-dependent en-
docleavage using different classes of NMD substrates and
define the molecular characteristics of this NMD-specific decay
pathway.
Splicing and EJCs Stimulate Endocleavage
Our analysis of mRNAs with PTCs in different exons clearly indi-
cates that endocleavage occurs in close proximity to the PTC,
which is in line with the results of previous studies (Eberle
et al., 2009; Gatfield and Izaurralde, 2004; Huntzinger et al.,
2008). However, we also observe a hitherto unrecognized stim-
ulation of endocleavage in the presence of a downstream EJC.
Notably, endocleavage is also stimulated by tethering individual
EJC components, which confirms the specific effect of EJCs on
endocleavage activity. Whereas our findings explain the NMD-
activating function of EJCs, they also raise the question of how
a distant EJC is detected during the initial phases of NMD.
Current models suggest that ribosome-associated UPF1 is
phosphorylated by its kinase SMG1 in response to a physical
interaction with the EJC. Whichever molecular mechanism is
responsible for the initial contact of UPF1 and the EJC, it must
be able to bridge a large distance on the mRNA. Our data indi-
cate that an EJC as far as 600 nt downstream of a PTC can still
efficiently stimulate endonucleolytic cleavage at the PTC, which
is in line with the observation that EJCs can exert long-range
effects during NMD (Neu-Yilik et al., 2001). It remains to be deter-
mined whether such large distances are overcome by spreading
of EJCs to noncanonical upstream positions or by a mecha-
nism involving UPF1-dependent mRNA scanning, threading, or
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Figure 6. Mapping of 30 Fragments Reveals Preference for Endocleavage at and Downstream of the Termination Codon
(A) Poly(A)+ purification of total RNA extracted from XRN1 knockdown HeLa cells transfected with the indicated TPI reporters. Equal fractions of input total RNA,
LiCl-precipitated unbound RNA, and poly(A)+ RNA were analyzed by northern blotting. Ethidium-bromide-stained rRNA served as unbound nonpolyadenylated
control (bottom).
(B and C) In vitro degradation assay of 50 monophosphate RNA using recombinant yeast XRN-1 (rXRN-1). XRN1 knockdown cells were transfected with TPI
reporter constructs; total RNA was isolated and treated with or without rXRN-1. Samples were analyzed by northern blotting (B) and mRNA levels quantified and
normalized to untreated mRNA levels (C).
(D) Schematic overview of the 30 fragment cloning strategy. The 50 monophosphate containingmRNA endocleavage fragment is ligated to an RNA linker, followed
by reverse transcription using oligo(dT) primer. Two cycles of PCR amplify specific 30 fragments and introduce the sequences required for Illumina sequencing (P5
and P3 primers).
(E) Final PCR products before Illumina sequencing were separated on a 2.5% NuSieve GTG agarose Tris-borate-EDTA gel and stained with SYBR Gold. Red
boxes indicate amplified 30 fragments of the expected size for the respective PTC-containing reporter.
(F) Combined sequencing reads of PTC-proximal (±100 nt) 30 fragments of all TPI reporter mRNAs are shown. For each reporter, the background (TPI-WT) was
subtracted and the reads were normalized to the total read number of the respective reporter, pooled, and plotted against the position on the mRNA. The
Gaussian distribution of the two major peaks has been calculated and is charted together with positions of their maxima and their distance.
(G) Reads of three replicates of endogenous SMG5 samples in the region ± 100 nt around the stop codon were combined, andmajor peaks are indicated as in (F).
See also Figure S5 and Table S1.looping to establish the physical interaction of UPF1 with the
EJC. Interestingly, our data suggest that a hypothetical tag ear-
marks the position of the termination codon until endocleavage
occurs in its vicinity. It will therefore be an important goal for
future research to identify the tag and to explore the molecular
mechanism that directs endocleavage to the position of transla-
tion termination.CIn contrast to canonical NMD substrates that are degraded
when at least one EJC is located downstream of the termination
codon, long 30 UTRs activate NMD in an EJC-independent
manner. Nonetheless, our analysis of four reporter mRNAs with
different 30 UTR lengths provides clear evidence for endocleav-
age at the position of the termination codon. We show that this
endocleavage is SMG6 dependent and can be stimulated byell Reports 9, 555–568, October 23, 2014 ª2014 The Authors 565
Figure 7. Model for SMG6-Mediated Endo-
cleavage at Different Classes of Target
mRNAs
Schematic representation of the influence of NMD
factors and 30 UTR composition on endocleavage
efficiencies of various NMD substrates. For details,
see Discussion.the deposition of an EJC downstream of the termination codon.
Hence, our data suggest that an endocleavage-competent NMD
machinery is recruited upon translation termination upstream of
long 30 UTRs and EJCs.
Functions of SMG6 and UPF2 during Endocleavage
The PIN domain of SMG6 executes the endocleavage of the
target mRNA during NMD (Eberle et al., 2009; Huntzinger et al.,
2008). Because the EBMs of SMG6 have been reported to be
essential during NMD (Kashima et al., 2010), we speculated
that they directly or indirectly regulate the activity of the PIN
domain. Whereas our complementation assays confirm the
essential role of the PIN domain of SMG6 during endocleavage
of EJC-dependent/independent NMD substrates, an EBM point
mutant and EBM deletion mutants of SMG6, which are unable to
interact with the EJC, exhibit wild-type endonuclease activity on
the NMD substrates. Therefore, our results question the view
that a direct interaction of SMG6 with the EJC is required during
the endocleavage of NMD substrates.
UPF2 interacts with UPF1 and UPF3 in human cells and has
been suggested to bridge EJCs and the NMD machinery during
EJC-dependent NMD (Kashima et al., 2006). Hence, we hypoth-
esized that the endocleavage-stimulating effect of the EJC is for-
warded by UPF2. However, we find that UPF2 depletion inhibits
endocleavage at long 30 UTRs, whereas endocleavage at PTCs
with downstream EJCs is mainly unaffected. UPF2 binding
to UPF3b was also dispensable for endocleavage stimulated
by tethered UPF3b. Although we observed a dominant-negative
effect upon tethering of a UPF2 protein unable to interact with
UPF3b, the complementation assay showed that this interaction
is not absolutely necessary for endocleavage. Our findings chal-
lenge the current model of UPF2 functioning as the bridging fac-
tor between the surveillance complex and a downstream EJC
but also argue against a direct link between SMG6 and the
EJC. Importantly, we also provide evidence against redundant
roles of UPF2 and the EBMs of SMG6 as bridging factors. Hence,
the stimulation of endocleavage by EJCs either does not require566 Cell Reports 9, 555–568, October 23, 2014 ª2014 The Authorsa physical contact between EJC and
the surveillance complex or involves as-
yet-unknown proteins that mediate this
contact.
Mapping of Endocleavage Sites
To compare the characteristics of endo-
cleavage at different PTCs, we developed
a strategy to isolate and amplify 30 frag-
ments. With this strategy, we observed
that endocleavage occurs with the high-
est efficiency directly at the terminationcodon and closely downstream thereof. Importantly, we detect
30 fragments generated at the termination codon of the endo-
genous SMG5 mRNA, which indicates that SMG6-dependent
endocleavage efficiently targets endogenous long 30 UTR NMD
substrates. For both EJC-dependent (PTC reporters) and inde-
pendent substrates (SMG5), we noticed two main sites of endo-
cleavage: one overlapping with the stop codon and another
at 20–40 nt downstream. Compared to previous studies, this
refines the sites of endocleavage by SMG6 and suggests
that components of the NMD machinery are positioned closely
downstream of the terminating ribosome. We propose that
SMG6-mediated cleavage is thereby promoted at positions
up- and downstream of the NMD complex. Furthermore, the
presence of differently sized protein complexes, e.g., lacking
or including UPF2, on different mRNA substrates may explain
specific cleavage site preferences and hence distinct patterns
of 30 fragments. Additionally, our data indicate that the endo-
cleavage step of NMD likely occurs after disassembly of the
ribosome, because the region around the stop codon is not
protected from cleavage. Indeed, endocleavage at the termina-
tion codon may represent a default mechanism of mRNA turn-
over. Such endocleavage is expected to occur at a very low
frequency, which, besides the short length of the resulting
30 fragments, provides an explanation why endocleavage at
normal termination codons has not been described so far. Tran-
scriptome-wide analyses of degradation intermediates will be
required to test this hypothesis.
The previous work of several labs suggests that the composi-
tion of the messenger ribonucleoprotein downstream of the stop
codon determines whether an mRNA is recognized as aberrant
and is degraded by the NMD pathway. Based on our results,
we suggest that the same signals that activate NMD are also
used to determine the efficiency of endocleavage at the termina-
tion codon. A regular termination event upstream of a short 30
UTR promotes efficient translation termination and ribosome
recycling, thereby largely preventing degradation by SMG6-
executed endocleavage (Figure 7, top panel). However, in the
presence of a long 30 UTR, inefficient translation termination
leads to the assembly of a UPF2-dependent surveillance com-
plex and an increased frequency of endocleavage (Figure 7, mid-
dle panel). The highest frequency of endocleavage is observed
in the presence of downstream EJCs, which strongly stimulate
the endocleavage activity of SMG6 in a distance-independent
manner. Notably, this effect does not require any physical
bridging by UPF2 or the EBMs of SMG6 (Figure 7, bottom panel).
In conclusion, our results identify a single mechanism for the
endonucleolytic decay of different classes of NMD substrates.
Furthermore, we define the factors and sequence elements gov-
erning the generation of endocleavage products, thus providing
methodological and biological insights into the molecular mech-
anisms of human NMD.
EXPERIMENTAL PROCEDURES
Plasmid Transfections
HeLa cells were split to 6-well plates the day after siRNA transfection and
transfected by calcium phosphate precipitation with 0.5 mg of a GFP expres-
sion plasmid, 1.5 mg control plasmid (LacZ-4H), and 1.5 mg plasmid encoding
for reporter mRNA. For long 30 UTR reporters, 3 mg reporter and 0.75 mg
control plasmid (b-globin) were transfected. For tethering or rescue assays,
1 mg of FLAG- or MS2V5-tagged expression plasmid was included in the
transfection mix.
RNA Extraction and Northern Blotting
Total RNA was extracted with Isol-RNA Lysis Reagent (5PRIME) and analyzed
by northern blotting as described (Gehring et al., 2009). Signals were quanti-
fied using a Typhoon FLA 7000 (GE Healthcare).
Immunoblot Analysis and Immunoprecipitation
SDS-polyacrylamide gel electrophoresis and immunoblot analysis was
performed using protein samples derived from Isol-RNA Lysis Reagent
extractions.
Magnetic M2 anti-FLAG beads (Sigma-Aldrich) were used to immunoprecip-
itate FLAGcomplexes fromRNaseA-treated (50mg/ml) HeLacell lysates in lysis
buffer (50mMTris [pH7.2], 150mMNaCl, and0.5%TritonX-100) supplemented
with protease inhibitor (Sigma-Aldrich). Complexes were eluted with SDS-sam-
ple buffer, separated by SDS-PAGE, and analyzed by immunoblotting.
cDNA Library Preparation for High-Throughput Sequencing
Two hundred picomoles of RNA linker was ligated to 20 mg of total RNAwith T4
RNA Ligase I. After RT-PCR with VNN oligo(dT)20 primer, a gene-specific PCR
using P5 and P3 Fusion primers (see Supplemental Experimental Procedures)
was performed using Accuprime Taq Polymerase (Life Technologies). For the
final PCR, P5 and P3 primers were used.
Analysis of High-Throughput Sequencing Data
Libraries of 30 fragments were sequenced on the HiSeq 2500 machine from
Illumina. For further details, see Supplemental Experimental Procedures.
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The ArrayExpress accession number for the 30 fragment sequencing data
reported in this paper is E-MTAB-2907. The input raw sequencing data and
the detailed documentation are available from Bitbucket (https://bitbucket.
org/nebo56/3-prime-fragment-sequencing).
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